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MAGNETIC SEPARATION APPARATUS AND METHODS 

Tycho Scholtens, Leon W. M. M. Terstappen, and Arjan Tibbe 

5 

Cross-Reference to Related Applieations 

This is a continuation-in-part of 10/733829, filed on December 10, 2003, now allowed, 
which is a division of U.S. 6,790,366, issued on September 14, 2004, which is a 371 of 
PCT/US99/28231, filed on November 30, 1999, which is a continuation-in-part of U.S. 

10 Application No. 09/201,603, filed November 30, 1998, now U.S. Patent No. 6,136,182 which is 
a continuation-in-part of U.S. Application No. 08/867,009, filed June 2, 1997, now U.S. Patent 
No. 5,985,153, which clahns the benefit of U.S. Provisional Application No. 60/019,282, filed 
June 7, 1996, and claims the benefit of U.S. Provisional Application No. 60/030,436, filed 
November 5, 1996. Application No, 09/856,672, now allowed, U.S. Patent No. 6,136,182 and 

1 5 U.S. Patent No. 5,985,153 are all incorporated in fiill by reference herein. 

BACKGROUND 

The present invention relates to improved apparatus and methods for performing 
qualitative and quantitative analysis of microscopic biological specimens. In particular, the 

20 invention relates to such apparatus and methods for isolating, collecting, immobilizing, and/or 
analyzing microscopic biological specimens or substances which are susceptible to 
immunospecific or non-specific binding with magnetic-responsive particles having a binding 
agent for producing magnetically-labeled species within a fluid medium. As used herein, terms 
such as "magnetically-labeled specimen" shall refer to such biological specimens or substances 

25 of investigational interest which are susceptible to such magnetic labeling. 

U.S. Patent No. 5,985,153 describes an apparatus and method wherein an external 
magnetic gradient is employed to attract magnetically labeled target specimens present in a 
collection chamber to one of its surfaces, and where an internal magnetic gradient is employed 
to obtain precise aligimient of those specimens on that surface. The movement of magnetically 

30 labeled biological specimens to the collection surface is obtained by applying a vertical 
magnetic gradient to move the magnetically labeled biological specimens to the collection 
surface. The collection smface is provided with a ferromagnetic capture structure, such as 
plurality of ferromagnetic lines supported on an optically transparent (viewing) face of a sample 
chamber. 

1 



wo 2005/061075 PCTAJS2004/031 132 

Once the magnetically labeled biological specimens are pulled sufficiently close to the 
surface by the externally applied gradient, they come under the influence of an intense local 
gradient produced by the ferromagnetic collection structure and are immobilized at positions 
laterally adjacent thereto. The local gradient preferably exceeds adhesion forces which can hold 
5 the biological specimens to the transparent surface after they collide with the surface. 

Alternatively, the adhesiveness of the surface must be sufficiently weak to allow the horizontal 
magnetic force to move the magnetically labeled biological specimens towards the 
ferromagnetic structures. The smoothness and the hydrophobic or hydrophilic nature of the 
surface are factors that can influence the material chosen for the collection surface or the 

1 0 treatment of this surface to obtain a slippery surface. 

U.S. 10/733829 and U.S. 6,790,366 describe methods and apparatus for separating, 
inmiobilizing, and quantifying biological substances in a fluid sample, incorporating the 
principles of the extemally applied gradient described above, and further incorporate a high 
intemal gradient magnetic capture structure on the transparent collection wall. The capture 

15 structure encourages a uniform alignment of caputred biological substances for quantitative 
analysis with automated enumeration techniques. 

In accordance with the present invention, there are described further altemative 
embodiments and improvements for the collection chamber whereby the intemal magnetic 
capture sturcture is used in conjunction with small V-shaped grooves on the fluid side of the 

20 optically transparent (viewing) face of the chamber to align the target specimens for automated 
optical analysis. A prefereed embodiment of the present invention replaces the intemal 
magnetic capture structure with small V-shaped grooves on the fluid side of the optically 
transparent (viewing) face of the chamber, and with the optimum dilution of magnetically- 
labeled specimens provides an alignment surface for automated optical analysis. In both 

25 embodiments, magnetically-labeled specimens and unbound magnetic particles move toward the 
inner surface of the chamber's viewing face, under the influence of the extemally applied 
magnetic gradient: When they approach the surface, they come in contact with the slope of the 
V-shaped groove, forcing the magnetically-labeled specimens and unboxmd magnetic particles to 
move to the top of the groove. At the top of the V-shaped groove is a small chimney-shaped 

30 component with a width of approximately 2 to 3 (xm which stops the magneticall-labeled 
specimens and allows the unbound magnetic particles to move further up into the chimney 
structure and outside the focal plane, used in optical analysis. This allows for alignment of the 
cell population in a profile that allows easier scanning with minimization of nonhomogenously 
illuminated cell and provides an image of the cells without the interferring ferrofluid. In the 
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preferred embodiment, the need for internal magnetic capture structures, previously described, is 
not present, thus reducing the overall manufacturing cost of the viewing chamber. 



BRIEF DESCRIPTION OF THE FIGURES 

5 FIG. 1 A is a schematic diagram of a magnetic separator. 

FIG. IB shows the magnetic field provided in the magnetic separator of FIG. lA. 
FIGS. 2A-C are microphotographs of specimens collected in a magnetic separator. 
FIGS. 3 A and 3B are alignment lines induced by the extra magnetic field firom Ni lines 
(A) or V-shaped grooves (B), both in the presence of the external magnetic field. Values D and 
10 L are the main parameters of the capture structure. L is the length of the flat horizontal area and 
D is the spacmg of the grooves. The angle of 70.5' is described for the V-groove design shown, 
but it is understood that any angle design may be appropriate. 

FIGS. 4A, 4B and 4C are successive schematic views showing a method of measuring 
particle density m a fluid having an unknown particle density. 
15 FIG. 5 is a schmatic of the proces steps in BHF etching. First, a thin layer of Si02 (500 

nm) is grown on the wafer by steam oxidation. A layer of photoresist is added and then 
selectively removed at the parts where further etching should occur. This is done with a 
lithography mask that contains the patterns to be etched. Then the BHF is introduced, removing 
the SiOa at places were there is no etch mask (photoresist). Finally, the layer of photoresist is 
20 removed and only the thin layer of Si02 is left. 

FIG. 6 is a schematic illustration of PDMS molding. 

FIG. 7 is the transmission spectrum of a PDMS slab approximately 1 mm thick. Typical 
transmission ranges are firom 95% to 99% between 400 and 900 nm. 

FIG. 8 shows a schematic illustration of V-grooves. L is the width of the horizontal area 
25 in the grooves and D is the spacing of the grooves. Cell alignment is shown with the arrow. 

FIG. 9 shows a chinmey-like design for removing the ferrofluid from the focal plane. 

FIGS. lOA and lOB show the image of Hela cells in the V-grooves at several focal 
planes in DAPI and Cytokeratin-PE treated cells, respectively. Panel A shows several Hela cells 
aligned vertically for different points of focus within Ihe cell. The numbers represent the values 
30 as obtained from imaging, indicating the point of focus in micrometers, using DAPI. Panel B 
shown the same with the phycoeurthrin (PE) labeled cytokeratin. 
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DETAILED DESCRIPTIONS 

L Vertical Gradient Collection and Observation of Target Specimens 
Target specimens such as cells, cell debris, and cell components are collected against a 
collection surface of a vessel without subsequent alignment adjacent to a ferromagnetic 
5 collection structure. These cells include white blood cells, cells of epithelial origin, endothelial 
cells, fungal cells, and bacterial cells. The collection surface is oriented perpendicular to a 
magnetic field gradient produced by external magnets. In this embodiment, magnetic 
nanoparticles and magnetically labeled biological specimens are collected in a substantially 
homogeneous distribution on the optically transparent face of the chamber while non-selected 

1 0 entities remain below in the fluid medixim. This result can be accomplished by placing a 

chamber in a gap between two magnets arranged as shown in FIG. 1 A, such that the chamber's 
transparent collection surface is effectively perpendicular to a vertical field gradient generated 
by external magnets 3. The magnets 3 have a thickness of 3 mm, and are tapered toward a gap 
of 3 mm. The magnets 3 are held in a yoke 1, which rests atop a housing 2. A vessel support 4 

1 5 holds the vessel 6 in a region between the magnets where the lines of magnetic force are directed 
substantially perpendicular to the collection surface 5 of the vessel 6. The collection surface of 
the vessel is preferably formed of a 0.1 mm thick polycarbonate member. The collection surface 
is parallel to, and 2 mm below, the upper surface of the extemal magnets 3. The space between 
the inner, top surface edges of the magnets is 3 mm. 

20 The taper angle of the magnets 3 and the width of the gap between the two magnets 

determine the magnitude of the applied magnetic field gradient and the preferable position of the 
collection surface of the vessel. The field gradient produced by the magnets can be 
characterized as having a substantially uniform region, wherein the gradient field lines are 
substantially parallel, and flinging regions, wherein the gradient field lines diverge toward the 

25 magnets. FIG. IB shows mathematically approximated magnetic field gradient lines for such a 
magnet arrangement The magnetic field lines (not shown) are predominantly parallel to the 
chamber surface while the gradient lines are predominantly perpendicular to it. To collect a 
imiformly distributed layer of the target specimens, the vessel is positioned to place the chamber 
in the uniform region such that there are substantially no transverse magnetic gradient 

30 components which would cause lateral transport of the magnetically labeled biological 
specimens to the collection surface. 

To illustrate the collection pattern of magnetic material on the collection surface area, a 
chamber vsdth imer dunensions of 2.5 mm height (z), 3 mm width (x) and 30 mm length (y) waS 
filled with 225 ^il of a solution containing 150 nm diameter magnetic beads and placed in 

35 between the magnets as illustrated m FIG. 1 A. The magnetic beads moved to the collection 
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surface and were distributed evenly. When the vessel was elevated relative to the magnets, such 
that a significant portion of the top of the vessel was positioned in a fringing region, significant 
quantities of the magnetic particles parallel toward and accumulated at respective lateral areas of 
the collection surface positioned nearest the magnets. 
5 In order to enhance uniformity of collection on the collection surface, the surface material 
can be selected or otherwise treated to have an adhesive attraction for the collected species. In 
such an adhesive arrangement, horizontal drifting of the collected species due to any deviations 
in positioning the chamber of deviations from the desired perpendicular magnetic gradients in 
the "substantially xmiform" region can be eliminated. 

10 An example of the use of the present embodiment discussed device is a blood cancer test 
Tumor derived epithelial cells can be detected in the peripheral blood. Although present at low 
densities, 1-1000 cells per 10 ml of blood, the cells can be retrieved and quantitatively analyzed 
from a sample of peripheral blood using an anti-epithelial cell specific ferrofluid. FIG. 2 
illustrates an example of the use of the magnets and the chamber without the influence of a 

15 capture structure on the collection surface to localize, differentiate and enumerate peripheral 
blood selected epithelial derived tumor cells. In this example, S ml of blood was incubated with 
35 iig of an epithelial cell specific ferrofluid (EPCAM-FF, Immunicon Corp., Huntingdon 
Valley, PA) for 15 minutes. The sample was placed in a quadrupole magnetic separator (QMS 
17, Immunicon Corp.) for 10 minutes and the blood was discarded. The vessel was taken out of 

20 the separator and the collected cells present at the wall of the separation vessel were resuspended 
in a 3 ml of a buffer containing a detergent to permeabilize the cells (Immimopemi, Inmiunicon 
Corp.) and placed back in the separator for 1 0 minutes. The buffer containing the detergent was 
discarded and the vessel was taken out of the separator and the cells collected at the wall were 
resuspended in 200 |li1 of a buffer containing the UV excitable nucleic acid dye DAPI (Molecular 

25 Probes) and Cytokeratin monoclonal antibodies (identifying epithelial cells) labeled with the 

fluorochrome Cy3. The cells were incubated for 15 minutes afl;er which the vessel was placed in 
the separator. Afrer 5 minutes the uncollected fraction containing excess reagents was 
discarded, the vessel was taken out of the separator and the collected cells were resuspended in 
200 pi of an isotonic buffer. This solution was placed into a collection chamber and placed in 

30 the magnetic separator shown in FIG. 1 A. The ferrofluid labeled cells and the free ferrofluid 
particles moved immediately to the collection surface and were evenly distributed along the 
surface as is shovm in FIG. 2A. The figure shows a representative area on the collection surface 
using transmitted light and a 20X objective. In FIG. 2B the same field is shown but now a filter 
cube is used for Cy3 excitation and emission. Two objects can be identified and are indicated 

35 with 1 and 2. FIG. 2C shows the same field but the filter cube is switched to one with an 
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excitation and emission filter cube for DAPL The objects at position 1 and 2 both stain with 
DAPI as indicated at positions 3 and 5 confirm their identity as epithelial cells. Additional non 
epithelial cells and other cell elements cells are identified by the DAPI stain; an example is 
indicated by the number 4. 
5 n. V-shaped grooved as collection structures 

To provide for spatially patterned collection of target specimens for qualitative and 
quantitative analysis of microscopic biologic samples, the present invention relates to making 
and using V-groove structures on the inner surface of the imaging chamber. Generally, V- 
grooves are long v-shaped grooves, pre-molded into the inner portion of the viewing surface on 

10 the imaging chamber. These structures provide an alignment of cells as good as or even better 
than previously reported Ni lines. Furthermore, V-grooves are made firom a highly transparent 
material, optically suited for imaging the entire cell. A schematic drawing of the V-grooves 
together with the alignment principle of the Ni lines, for comparison, is shown in Figure 3. 
Figure 3 illustrates the principle of cell alignment using V-grooves. Magnetically induced 

1 5 cell movement in the chamber is similar to Ni Imes, except at the inner surface of the sample 
chamber. Here, the magnetically labeled cells will either collide with the mclmed surface of the 
V-grooves and slide into the top of the groove (indicated in the above Figure by L), or they will 
directly hit the top of the V-groove. In either situation, the cells will align in the groove, 
allowing for subsequent imaging. 

20 In order for sufficient movement along the inclined surface of the groove, the surface should 
be flat and cells prohibited firom sticking to the walls. To achieve a smooth precise V-groove 
design, known wafer etching technologies are used. However because of expense and optical 
requirements, silicon wafers are not appropriate, rather polydimethylsiloxane (PDMS) replica 
molding provides a composition that will meet these requirements. Compositions that will meet 

25 this criteria are also considered in the present invention. V-grooves, etched onto a silicon wafer, 
are the inverse of the eventual design, and provide the PDMS mold with the correct V-groove 
shape when poured onto the silicon mold. After curing, this shape is cut into dimensions that 
would allow replacement of the glass surface of the imaging chamber. . 
in. Longitudinal Variation of Chamber Height 

30 The height of the chamber in concert with the concentration of the target entity determines 
the density of the distribution of target specimens collected at the collection surface of a vessel 
such as described above. To increase the range of surface collection densities which are 
acceptable for accurate counting and analysis, one can vary the height of the chamber to 
eliminate the need to dilute or concentrate the sample, for analysis of samples where the 

35 concentration may vary widely. In FIG. 4A, a cross section of a chamber is shown with a 
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collection surface 1, and six compartments having different heights. Target cells are randomly 
positioned in the chamber. In FIG. 4B the same cross section is shown but now the cells have 
moved to the collection surface irnder the influence of the magnetic gradient In the area of the 
highest chamber depth, the density of the cells is too high to be accurately measured, whereas m 
5 the area of the lowest chamber depth, too few cells are present to provide an accurate cell covmt. 
To further illustrate this principle, a histogram of the cell density along the collection surface is 
shown in FIG. 4C. Note that the number of cells in the area with the highest density is 
underestimated. The approach described here increases the range of concentrations which can 
be accurately measured as compared to the cell number measurements traditionally used in 

1 0 hematology analyzers and flow cytometers. 

IV. Wafer Etching and PDMS Molding on Inner Surface of Viewing Face of Chamber 
Etching can be accomplished on any optically transparent material that can be used in the 
manufacture of the chamber. By example, silicon wafers can be used in etching because of the 
ease of precision, fine detail, and reproducabiUty. Any material with similar characteristics and 

15 known in the art is considered in the present invention. Etching of the V-groove shapes uses 
two common etching techniques. First an etch mask that is needed to etch the grooves is created. 
This mask is created using BHF (Buffered Hydrofluoric acid) etching. The process of BHF 
etching is explained in Figure 5. Once BHF etching is complete, thin layers of Si02 are left on 
the silicon wafer at places where no V-groove should be etched. Anisotropic etching is also 

20 used to etch the V-grooves. Here, KOH is used as etchant. When this process is applied to a 
properly orientated wafer, V-grooves are etched, limited by the crystal plane of the silicon 
wafer. Accordmly, a highly reproducible and constant etch angle is produced. The angle 
depends on the wafer orientation with one embodiment at a constant 35.26 degrees. Another 
technique is Deep Reactive Ion Etching (DRIE). By using this technique it is possible to etch 

25 structures with a high aspect ratio (ratio between length and width of the structure). DRIE 
cyclically altemates between etch and deposition steps forming scalloped sidewalls. 

PDMS molding is used to obtain a positive imprint on the fabricated wafer. PDMS or 
Polydunethylsiloxane (Dow Coming (Sylgard 184, Dow Coming, Midland, MI, USA) is a 
polymer containing the siloxane bond between Si (Silicon) and O (Oxygen). The polymers 

30 molecules are linked together to form longer polymers with an average number around 50 to 
100. 

The final PDMS is obtained with the addition of a cross-linker. The cross-linker coimects 
with the polymers to form long networks of polymers, resulting in a clear, elastic, chemically 
mert, thermally stable material. After polymerization, the PDMS forms a clear flexible 
35 substance which adheres to very few materials and is not hygroscopic, thus preventmg any 
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Sticking of cells to the sides due to the fact that PDMS adheres to very few materials. 
Furthermore, it is thermally stable and transparent from approximately 300 to 900 nm. These 
characteristics are all important for its use in a fluorescent imaging system and the transmission 
of visible light. Figure 6 illustrates the relationship between the wafer, PDMS mold and the 
5 formation of the V-grooves. After formation the V-grooves are cut into the dimensions of the 
viewing face of the chamber. Figure 7 depicts the transmission spectrum through the viewing 
surface. 

V. Parameters of the V-groove viewing surface and examples of use 

The prameters considered are shown in Figure 8. L is the width of the flat horizontal area 

10 and D is the spacing of the grooves. Varying L will influence the alignment of the cells in the 
groove. If L is too big, cells may overlap or may be not perfectly aligned in the center. 
Misalignment influences scanning and imaging, complicating subsequent image analysis. As a 
consequence, the size of the laser spot has to be increased so as to match the increased area that 
has to be illuminated. The spacing of the grooves is controlled by D. This influences the 

1 5 maximum cell size and the number of cells that can be accommodated. 

One possible example of a wafer design incorporates a chinmey-like design (Figure 9). This 
design accommodates the excess ferrofluid in solution to a position away from the cells. This 
design were fabricated using DRDE high aspect ratio etching. The width of the chimneys should 
be smaller than the smallest diameter of an interested cell. 

20 An example to depict the quality with which CTC's are imaged is demonstrated with Hela 
cells. Hela cells are labeled with Cytokeratin-PE (Figure lOA) and DAPI (Figure lOB) to 
fluorescently stam the nucleus and the cytoskeleton. These cells were tested in a chamber fitted 
with a V-groove structure on the viewing surface. Cells labeled with both cytokeratin-PE and 
DAPI were imaged at several focal points along the V-groove. At 200 fxm, the top of the V- 

25 groove is in focus. Lower values indicate a lower point of focus. 
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CLAIMS 

1 . An improved method for optically analyzing microbiological specimens suspended in a 
flmd medium by magnetically labeling said specimens, which method comprises 
containing said magnetically-labeled specimens in a chamber having an optically- 

5 transparent viewing face, positioning said chamber into a magnetic field having a 

substantially uniform region of vertically-directed magnetic gradient and such that said 
chamber is located in said uniform region, collecting a uniformly-distributed layer of 
said magnetically-labeled specimens on the interior surface of said viewing face of said 
chamber, and conducting optical anlaysis of said magnetically-labeled specunens while 
10 maintaining said magnetically-labeled specimens collected on said interior surface of 

said chamber, and wherein said improvement comprises collecting said uniformly- 
distributed layer of said magnetically-labeled specimens within preformed V-grooves on 
said inner surface of said optically-transparent face of said chamber. 

2. The method of claim 1 wherein said V-grooves contain a chimney-shaped component in 
1 5 order to allow unbound magnetic label to partition above a focal plane for said optical 

analysis. 

3. The method of claim 1 wherein said fluid medium containing said magnetically-labeled 
specimens has a predetermined dilution of said magnetically-labeled specimens such that 
said dilution provides for optimum alignment of said magnetically-labeled specimens 

20 along inner surface of viewing face. 

4. The method of claim 1 wherein said specimens is from a group consisting of epithelial 
cells, ciruculating tumor cells, endothelial cells, fungal cells, bacterial cells, and 
combinations thereof 

5. An improved apparatus for observing magnetically responsive microscopic specimens 
25 suspended in a fluid member, said apparatus having a fluid containing chamber with an 

optically-transparent face, a ferromagnetic capture structure supported on the interior 
surface of said transparent face, magnetic means for inducing an intemal magnetic 
gradient in the vicinity of said ferromagnetic capture structure, whereby said 
magnetically responsive specimens are immobilized along said face adjacent to said 
30 capture structure and an electrical conductor means supported on said transparent wall 

for enabling electrical manipulation of said immobilized specimens, wherein said 
improvement comprises a collection means having preformed V-grooves on the inner 
surface of said optically-transparent face to allow for uniform distribution of said 
specimens during optical analysis. 
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6. The improved apparatus of claim 5 wherein said V-grooves contain chimney-shaped 
components for separating small magnetically responsive entities from larger 
magnetically reponsive specimens during optical analysis. 

7. The improved apparatus of claim 5 wherein said specimen is from a group consisting of 
epithelial cells, ciruculating tumor cells, endothelial cells, fungal cells, bacterial cells and 
combinations thereof 

8. An apparatus for observing magnetically responsive microbiological specimens 
suspended in a fluid member, comprising: 

a. a fluid containing chamber with an optically-transparent face; 

b. a ferromagnetic capture structure supported on the interior surface of said 
transparent face; 

c. collection means having a preformed inner surface topography of said optically- 
transparent face to allow for uniform distribution of said specimens during optical 
analysis. 

9. The apparatus of claim 8 whereby said inner surface contains V-grooves for optimum 
alignment of said specimens during optical analysis. 

10. The apparatus of claim 9 whereby said V-grooves contain chimney-shaped components 
for separating small magnetically responsive entities from larger magnetically reponsive 
specimens during optical analysis. 

11. The improved apparatus of claim 5 wherein said specunens is from a group consisting of 
epithelial cells, ckuculatmg tumor cells, endothelial cells, ftmgal cells, bacterial cells, 
and combinations thereof. 
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